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Fear Conditioning Occludes LTP-Induced
Presynaptic Enhancement of Synaptic Transmission
in the Cortical Pathway to the Lateral Amygdala
difficult by the recent finding that LTP is not unitary;
there are a variety of different forms of LTP that utilize
different degrees of pre- and postsynaptic mechanisms
to achieve what phenotypically appear to be similar
forms of LTP (Grover and Teyler, 1990; O’Dell and Kan-
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Howard Hughes Medical Institute In both humans and experimental animals, emotional
College of Physicians and Surgeons memory, as that following learned fear, is critically de-
Columbia University pendent on the amygdala complex (Kapp et al., 1984,
New York, New York 10032 1992; Adolphs et al., 1994; Scott et al., 1997; Fanselow
and LeDoux, 1999; Nader et al., 2000; Phelps et al.,
2001). The Pavlovian conditioning of fear results in the
Summary formation of a strong association between a neutral con-
ditioned stimulus (CS; e.g., audible sound) and an aver-
Auditory information critical for fear conditioning, a sive unconditioned stimulus (US; e.g., a foot shock) that
model of emotional learning, is conveyed to the lateral can trigger stereotypic fear responses (reviewed by
nucleus of the amygdala via two routes: directly from Maren, 2001). The information from both CS and US
the medial geniculate nucleus and indirectly from the converge in the lateral amygdala, where association be-
auditory cortex. Here we show in the cortico-amygdala tween neutral and aversive stimuli is formed and possi-
pathway that learned fear occludes electrically in- bly stored. Emotionally significant information enters the
duced long-term potentiation (LTP). Quantal analysis amygdala through its lateral nucleus. Auditory stimuli,
of the expression of LTP in this pathway reveals a
which are critical for Pavlovian fear conditioning, reach
significant presynaptic component reflected in an in-
the lateral nucleus of the amygdala (LA) either directly
crease in probability of transmitter release. Condi-
from the auditory thalamus or indirectly by way of a
tioned fear also is accompanied by the enhancement
pathway from the auditory cortex (LeDoux, 2000). Bothin transmitter release at this cortico-amygdala syn-
pathways are essential for learned fear. As a result,apse. These results indicate that the synaptic projec-
the activity-dependent modifications of the synaptictions from the auditory cortex to the lateral amygdala
strength in both neural pathways transmitting sensoryare modified during the acquisition and expression of
information to the amygdala are thought to underlie fearfear to auditory stimulation, thus further strengthening
conditioning in animals (Maren, 1999).the proposed link between LTP in the auditory path-
Recent experiments demonstrated an enhancementways to the amygdala and learned fear.
in the thalamo-amygdala pathway that phenotypically
resembles LTP and is evident with fear conditioningIntroduction
(McKernan and Shinnick-Gallagher, 1997; Rogan et al.,
1997; Stevens, 1998). Lesion studies implicate the cor-One of the fundamental questions in the study of learn-
tico-amygdala circuits in auditory fear conditioning asing in the mammalian brain is to what degree long-term
well as thalamo-amygdala projection (Romanski andpotentiation (LTP), as produced by electrical stimulation
LeDoux, 1992), yet little is known about the nature of theof afferent pathways in the neural circuit of a learned
synaptic modifications in the cortico-amygdala pathwaybehavior, is a critical cellular mechanism for memory
and its role in the acquisition of fear. Moreover, sincestorage (Bliss and Collingridge, 1993; Malenka and Ni-
there are various forms of LTP, a more detailed examina-coll, 1999; Tang et al., 1999; Martin et al., 2000; Malleret
tion of the mechanisms of LTP is required to draw aet al., 2001). This relationship has been repeatedly exam-
closer parallel between LTP in the amygdala slice andined in the hippocampus in relation to spatial memory.
any enhancement in synaptic strength that accompan-However, despite intensive efforts in the hippocampus
ies conditioned fear.to establish causal relationships between spatial mem-
Here we show that learned fear actually occludes elec-ory and changes in synaptic strength, the importance of
trically induced LTP in the cortico-amygdala pathway,this postulated link remains controversial (Eichenbaum,
indicating that the learning-induced enhancement1995; Zamanillo et al., 1999). The complexity of the hip-
pocampus and the medial temporal lobe system critical shares one or more steps with electrically induced LTP.
for spatial memory has precluded a direct demonstra- Further analysis of LTP in this pathway revealed that it
tion that learning leads to a change in synaptic strength involves an increase in transmitter release. We find that
as a result of LTP. The problem is made even more fear conditioning leads to a similar enhancement of
transmitter release, suggesting that LTP is a critical neu-
ral mediator of this behavioral response.3 Correspondence: vadimb@mclean.harvard.edu
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Figure 1. Recordings in the Lateral Amygdala
(A) Responses of a cell in the lateral amygdala to prolonged current injections. Injection of depolarizing current induces repetitive action
potentials. Significant spike frequency adaptation observed in this cell suggests that this is a pyramidal neuron.
(B) EPSPs recorded in response to stimulation of the external capsule by stimuli of increasing intensity. Traces are averages of 10 EPSPs
recorded at each stimulus intensity.
(C) Current-voltage plot of the peak current. Inset shows EPSCs evoked by the stimulation of the external capsule at holding potentials of
70 mV to 50 mV. Reversal potential of the fast initial component of the EPSC mediated by the AMPA receptors was 0.1  2.1 mV (n 
11).
(D) Current-voltage plot of the NMDA receptor EPSCs. Synaptic currents were recorded in the presence of the AMPA receptor antagonist
CNQX (20 M). Inset shows NMDA receptor EPSCs recorded at holding potentials of 90 mV to 50 mV. The peak I-V curve for the NMDA
receptor EPSCs is outwardly rectifying. The linear part of the I-V had a reversal potential near 0 mV (4.8  2.0 mV; n  8).
Results EPSPs recorded in response to the stimulation pulses
of increasing intensity had a short and constant latency,
suggesting that the EPSP was monosynaptic (HuangExcitatory Synaptic Transmission at the Cortical
Input to the Lateral Amygdala and Kandel, 1998).
To examine the voltage dependence of the excitatoryAnatomical tracing studies and single-unit recordings
indicate that the dorsolateral division of the lateral amyg- postsynaptic currents (EPSCs) in the cells identified as
principal neurons, we recorded synaptic responses indala is a site of convergence of somatosensory and
auditory inputs (Pitkanen et al., 1997), thus suggesting voltage-clamp mode over a range of membrane poten-
tials from 70 mV to 50 mV (Figure 1C). EPSCs withthe critical role of this area in fear conditioning. To study
the functional role of the cortico-amygdala LTP in this very fast decays were elicited by stimulation of the exter-
nal capsule at negative holding potentials. With depolar-form of learning, we performed whole-cell recordings
from visually identified pyramidal neurons in the dorso- ization, much slower decaying currents were observed,
consistent with the previous findings that NMDA-typelateral division of the lateral amygdala. The cells were
classified as principal neurons based on the pyramidal glutamate receptors are present at the amygdala syn-
apses (Mahanty and Sah, 1998; Huang and Kandel,shape of their somata and their ability to show spike
frequency adaptation in response to a current injection 1998; Weisskopf and LeDoux, 1999; LeDoux, 2000). The
-amino-3-hydroxy-5-methyl-4-isoxazolepropionic(Figure 1A) (Mahanty and Sah, 1998).
Synaptic responses were induced by stimulating the acid (AMPA) receptor-mediated component of the EPSC
showed a linear current-voltage dependence and wasexternal capsule, which, in the presence of -amino-
butyric acid A (GABAA) antagonist picrotoxin (100 M; blocked by the AMPA receptor antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX, 20 M). In contrast,Figure 1B), evoked a simple excitatory postsynaptic po-
tential (EPSP) in a postsynaptic neuron recorded in cur- the current-voltage (I-V) relation of the N-methyl-D-
aspartate (NMDA) receptor-mediated component inrent-clamp mode at resting membrane potential. The
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these cells showed a typical outward rectification. The in the cortico-amygdala LTP. These routes of Ca2 deliv-
ery to the postsynaptic neuron are known to be impor-synaptic responses in the presence of CNQX were
largely blocked by external magnesium at holding po- tant for synaptic plasticity in the amygdala (Huang and
Kandel, 1998; Weisskopf and LeDoux, 1999). LTP wastentials more negative than 40 mV (Figure 1D) and
were abolished by the NMDA receptor antagonist D-2- partially blocked by either D-APV, the competitive
NMDA receptor antagonist (50 M), or the L-type Ca2amino-5-phosphonopentanoic acid (D-APV, 50 M).
These data indicate that NMDA receptors are function- channel blocker nitrendipine (10 M) (Figures 2D–2F),
with an average LTP of the EPSC to 134.5%  7% (n ally expressed at cortico-amygdala synapses.
AMPA receptors are heteromultimeric complexes 12) and 128.7%  10% (n  7) of the baseline value,
respectively. The difference in the amount of LTP underwhose I-V relation and Ca2 permeability are determined
by the presence of the edited form of the GluR2 subunit control conditions and in the presence of either D-APV
(t test, t  3.17, p  0.006) or nitrendipine (t  3.09, p (Mahanty and Sah, 1998; Zamanillo et al., 1999; Laezza
et al., 1999). Ca2 influx through the GluR2-lacking 0.008) was highly significant. LTP was blocked com-
pletely when D-APV and nitrendipine were applied si-AMPA receptors may play an important functional role
and has been shown to mediate LTP in interneurons in multaneously (105.7%  7%, n  7; Figures 2E and
2F), suggesting that postsynaptic calcium influx throughthe amygdala (Mahanty and Sah, 1998). To determine
the subunit composition of the AMPA receptors at the NMDA receptors and L-type Ca2 channels can fully
account for the induction of the cortico-amygdala LTP.cortico-amygdala synapses, we tested the effects of the
synthetic polyamine NHPP-spermine, which selectively
blocks GluR2-lacking Ca2-permeable AMPA receptors Fear Conditioning Occludes LTP
(Mahanty and Sah, 1998; Laezza et al., 1999). At a hold- in the Cortico-Amygdala Pathway
ing potential of 70 mV, external polyamine was not To study synaptic mechanisms of learned fear, we
effective in blocking AMPA receptor-mediated re- trained rats in the fear-potentiated startle paradigm.
sponses (20 M; 98%  4% of the baseline value 20 Conditioned fear was produced by pairing a CS (sound)
min after switching to spermine-containing solution, n with an aversive unconditioned stimulus (shock) (see
5), while stimulating presynaptic inputs at 0.1 Hz. Thus, Experimental Procedures). Memory of fear was quanti-
the linear I-V relation and the absence of a blocking fied by measuring an increase in the startle response
effect of external polyamine on the size of the AMPA as a result of conditioning. To correlate the conditioned
receptor EPSC suggest that the AMPA receptors at fear induced by the training procedure to the change in
these synapses contain the GluR2 subunit and have low the synaptic strength at the cortical input to the lateral
permeability for Ca2. amygdala, we examined (in a blinded manner) brain
slices containing the amygdala obtained from either
conditioned or control animals. We found that LTP inLTP in the Cortico-Amygdala Pathway
cortico-amygdala synapses was significantly reducedIs Induced Postsynaptically
in fear-conditioned animals (Figure 3), consistent withWe next examined the requirements for the induction
the idea that conditioned fear leads to an LTP-like phe-of LTP in the cortico-amygdala pathway. LTP of the
nomenon that shares one or more steps with cortico-compound EPSCs at the cortico-amygdala synapses is
amygdala LTP. The observed effect of the training pro-readily induced under our experimental conditions by
cedure for fear on LTP was specifically linked to fearpairing depolarization of the postsynaptic neuron (from
conditioning, since LTP was not affected in unpairedthe normal holding potential of 70 mV to 30 mV)
control rats or rats that received CS only (Figure 3B).with 80 presynaptic stimuli to the fibers in the external
capsule at a frequency of 2 Hz (Figure 2A). Once LTP
was induced, the EPSCs remained potentiated for the The Expression of LTP Is Presynaptic
The finding that learned fear occludes LTP in the cortico-duration of the recording. The average potentiation 30
min after induction was 171%  9% (mean  SEM, n  amygdala pathway now made it interesting to explore
the mechanism of this LTP and to compare it to the10) of the baseline value. Similar to LTP at CA3-CA1
synapses in the hippocampus, it was not possible to mechanisms of LTP produced by learned fear. Consis-
tent with the previous findings (Miserendino et al., 1990;induce LTP of the whole-cell EPSCs in the cortico-amyg-
dala synapses when the pairing was applied more than Maren et al., 1996; Gewirtz and Davis, 1997), fear condi-
tioning was partially blocked in our experiments with20 min after establishing the whole-cell configuration
(Figure 2B). This strongly suggests that the induction of the NMDA-receptor antagonist MK-801 (Figure 3A). This
is similar to the effect of D-APV on LTP that we observedLTP requires certain washable postsynaptic cyto-
plasmic components (Malinow and Tsien, 1990). in the slice preparation (see Figure 2).
We next investigated the site of expression for thisConsistent with the idea that Ca2 influx is required
for the induction of LTP, we found that LTP is completely form of LTP by testing the effects of LTP on paired-
pulse facilitation (PPF), which is commonly believed toblocked when the Ca2 chelator EGTA (10 mM) is in-
cluded in the recording pipette solution to buffer internal be a mostly presynaptic process (Zucker, 1989). This
form of short-term synaptic plasticity lasts for a fewCa2 to concentrations below 10 nM (Bolshakov and
Siegelbaum, 1994), with the EPSC remaining at 96.9% hundred milliseconds and reflects the significant en-
hancement of neurotransmitter release in response to3% (n  9; Figures 2C and 2F) of its initial level. To
determine the source of the enhanced intracellular Ca2, the second of two closely spaced presynaptic action
potentials. We found that, as a result of LTP induction,we examined the role of both NMDA-type glutamate
receptors and L-type voltage-gated calcium channels paired-pulse facilitation was largely diminished from
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Figure 2. Induction of LTP at the Cortico-Amygdala Synapses Is Postsynaptic and Requires Ca2 Influx
(A) LTP of whole-cell EPSCs recorded in the lateral amygdala neuron in response to the cortical input stimulation. For induction of LTP, the
lateral amygdala neuron was held at 30 mV, and 80 presynaptic stimuli were delivered at 2 Hz to the external capsule fibers. Insets show
average of 10 EPSCs recorded during baseline collection and 30 min after the pairing procedure (arrow).
(B) LTP could not be induced at this synapse when the pairing protocol was applied more than 20 min after establishing the whole-cell
configuration.
(C) Summary graphs of the LTP experiments performed under normal conditions (mean  SEM; n  10) and under conditions when a high
concentration of Ca2 chelator EGTA (10 mM) was included in the recording pipette solution (n  9). High EGTA did not alter basal synaptic
transmission but blocked LTP induction.
(D) Effects of D-APV (50 M; n  12) on the pairing-induced LTP. Depolarization of the postsynaptic neuron to 30 mV without the 2 Hz
presynaptic stimulation was not sufficient to induce LTP (n 6), suggesting the role for the presynaptically released glutamate in the induction
process.
(E) Joint application of D-APV (50 M) and nitrendipine (10 M) completely abolishes LTP in the lateral amygdala. APV and/or nitrendipine in
the concentrations used had no effect on baseline EPSCs.
(F) Summary of LTP experiments. The line inside the boxes marks the median, and the box boundaries indicate the 25th and 75th percentiles.
The error bars denote the 10th and 90th percentiles. Drugs were present in the bath solution for at least 10 min before the whole cell recording
was obtained and throughout the experiment.
1.65  0.3 (n  7) prior to the paring to 1.05  0.08 (n  associated with LTP supports the notion that LTP at
cortico-amygdala synapses results from an increase in7) 30 min after the paring procedure (t  2.19, p  0.05;
Figures 4A and 4B). Sham pairing (depolarization of the the probability of transmitter release (Pr) (Huang and
Kandel, 1998). Independent evidence for a presynapticpostsynaptic neuron to30 mV without the 2 Hz presyn-
aptic stimulation, which did not induce LTP) had no site of LTP expression was obtained from an analysis
of the variability in the size of successive EPSCs beforeeffect on PPF (1.48 0.12 prior to depolarization, 1.52
0.2 after the procedure, n 8; paired t test, t 0.43, p and after induction of LTP (Malinow and Tsien, 1990;
Bolshakov and Siegelbaum, 1994). This variability re-0.68). A profound decrease in paired-pulse facilitation
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Figure 3. Fear Conditioning Is Associated with an Occlusion of LTP at the Cortico-Amygdala Synapses
(A) Summary plot of day 3 startle responses after training in which (1) the CS was paired with shock, (2) the CS and shock were presented
randomly (unpaired), (3) only the CS was presented, or (4) MK-801 pretreatment (0.1 mg/kg, IP) 30 min preceded paired training. Data are
expressed as startle amplitude (mean arbitrary startle units  SEM) in response to the startle alone, the CS  startle, and the algebraic
difference between the two types of trials. Rats that received paired training were significantly more responsive to the CS  startle stimulus
during testing (p  0.01, Neuman-Keuls t test), whereas no significant differences were observed in the other groups.
(B) LTP of compound EPSCs recorded at the cortico-amygdala synapses was occluded in fear-conditioned animals. EPSCs were recorded
at a holding potential of 70 mV. LTP was induced by pairing (arrow) of postsynaptic depolarization to 30 mV and 80 presynaptic stimuli
delivered at 2 Hz frequency. Thirty minutes after pairing, EPSC was potentiated to 140%  14.2% (n  7) in trained (fear-conditioned) rats,
to 197.6%  15.8% (n  7) in the unpaired control group (significant difference, t test, t  2.67, p  0.02), and to 221%  9.5% (n  6) in
rats that received CS only (not significantly different from unpaired control group; t  0.33, p  0.75). When all of the control LTP groups
(naive, unpaired, CS alone) have been pooled together (190%  11%, n  23) and compared with the paired (fear-conditioned) group, the
difference in the magnitude of LTP was still statistically significant (t test, t  2.32, p  0.03).
flects the probabilistic nature of the neurotransmitter due to the activation of NMDA-type glutamate receptors
and L-type voltage-gated Ca2 channels. The site ofrelease and can be quantified by calculating the coeffi-
cient of variation (CV, standard deviation/mean) of the expression, however, is likely to be presynaptic.
EPSC. The parameter 1/CV2 is largely determined by the
presynaptic mechanisms of neurotransmitter release. Quantal Analysis of LTP in the Unitary Synaptic
Current at the Cortico-Amygdala SynapsesInduction of LTP at the cortico-amygdala synapses re-
sulted in a marked change in 1/CV2 , consistent with a Also Shows Presynaptic Expression
To avoid some of the problems originating from thepresynaptic site of expression (Figures 4C and 4D).
Thus, the induction of LTP in the cortical input to the use of field stimulation of the input pathways to the
amygdala, which recruits an unknown number of pre-lateral amygdala depends on postsynaptic Ca2 influx
Figure 4. LTP in Lateral Amygdala Is Accom-
panied by an Increase in Neurotransmitter
Release
(A) LTP of whole-cell EPSCs recorded in a
lateral amygdala neuron in response to the
cortical input stimulation occluded paired-
pulse facilitation recorded with 50 ms inter-
stimulus interval. Insets show average of 10
EPSCs recorded before (left) and 30 min after
(right) the induction of LTP. Paired-pulse fa-
cilitation was calculated as the ratio of the
second EPSC amplitude to the first EPSC am-
plitude.
(B) Summary plot of paired-pulse facilitation
experiments before (left) and after (right) LTP
was induced with the pairing protocol (n  7;
mean  SEM).
(C) Superimposed EPSCs recorded prior to
the induction of LTP (left) and after (right).
(D) Effect of LTP induction on I2/	2 versus I
(where I is the mean EPSC amplitude and 	
is the standard deviation of EPSC amplitude).
Each symbol represents a separate experi-
ment. Closed triangles: LTP was blocked by
including 10 mM EGTA in the whole-cell solu-
tion; open triangles: LTP induced under normal conditions. Values of I2/	2 and I were computed for the EPSCs recorded after the induction
of LTP and were normalized by their baseline values. There was a significant correlation between changes in I and I2/	2 (solid line; correlation
coefficient, r  0.88). The horizontal dotted line represents the theoretical predicted relation if the expression of LTP is purely postsynaptic.
The dashed line represents the predicted relation if the change in I2/	2 is identical to the change in I, consistent with an increase in release.
Neuron
294
Figure 5. Evidence that Minimal Stimulation Recruits Only a Single Presynaptic Input
(A) Superimposed successive EPSCs recorded in response to paired stimulation with a 50 ms interval between stimuli (top). Bottom trace
represents the average of 100 successive paired EPSCs evoked with minimal stimulation.
(B) Superimposed density estimate plots (300 events) for first (dashed line) and second (solid line) EPSCs from the same experiment as in
(A). For first EPSC, Pr  0.34, potency (p)  16.9 pA, and CV of EPSC successes  34.4%. For second EPSC, Pr  0.56, p  17.4 pA, CV 
34.1%. Insets represent average of successes only (potency) for first (left) and second EPSCs.
(C) Summary box plots for paired-pulse facilitation data (n  14) showing potency, p (mean of the successes); fraction of failures, f; and
coefficient of variation, CV, of EPSC successes. Averaged values of parameters for first EPSC, p  16.15  1.94 pA, f  60.12%  4.95%,
CV  34.92%  1.42%; for second EPSC, p  15.92  1.95 pA (no significant difference from first EPSC; t  1.21, p  0.25, paired t test),
f  48.49%  4.05% (significantly different from first EPSC; t  2.33, p  0.04), CV  39.49%  2.15% (no significant difference; t  1.7).
(D) Superimposed successive EPSCs recorded at normal (2.5 mM) and increased (5.0 mM) [Ca2]o.
(E) Superimposed density estimate plots for EPSCs recorded at normal [Ca2]o (191 events, dashed line) and increased [Ca2]o (696 events,
solid line) from the same experiment as in (D). Insets represent average of EPSC successes only recorded at normal (left) and increased (right)
[Ca2]o. For EPSC at 2.5 mM [Ca2]o, Pr  0.53, p  25.1 pA. For EPSC at 5.0 mM [Ca2]o, Pr  0.80, p  24.8 pA.
(F) Summary box plots for EPSC data at normal and increased [Ca2]o (n  11). Averaged values of quantal parameters for EPSC at 2.5 mM
[Ca2]o, p  17.1  2.26 pA, f  57%  3.7%, CV  40.67%  2.72%; for EPSC at 5.0 mM [Ca2]o, p  16.82  2.56 pA (no significant
difference from EPSC at normal [Ca2]o; t  0.08, p  0.93, t test), f  24.86%  2.62% (significantly different from EPSC at normal [Ca2]o;
t  7.04, p  0.00003), CV  39.43%  3.97% (no difference; t  0.26, p  0.8). Thus, enhanced Pr during paired-pulse facilitation or at
increased [Ca2]o did not change potency and CV but increased the fraction of EPSC successes only, suggesting that a single release site
was recruited.
synaptic fibers with uncertain reliability, we used a fine- successful EPSC responses, termed potency (Stevens
and Wang, 1994), was not changed (Figure 5B, inset).tipped stimulating patch pipette to achieve minimal
stimulation and allow routine recordings of the unitary Paired-pulse facilitation resulted from a significant in-
crease in the fraction of successes without a change insynaptic responses in the brain slice preparation (Ste-
vens and Wang, 1994; Bolshakov and Siegelbaum, 1995; the CV of the successes peak (Figure 5C), thus providing
evidence that a single presynaptic fiber was stimulated.Isaac et al., 1996; Bolshakov et al., 1997). To assure that
we dealt with a unitary response, we used only EPSCs To obtain independent evidence for this conclusion, we
investigated the effects of increased Ca2 concentra-evoked with minimal stimulation whose mean amplitude
showed a steep all-or-none threshold as a function of tion, known to enhance Pr, on the minimal stimulation
EPSC. The increase in Pr in these experiments led to astimulating current intensity. After the threshold was
reached, the intensity of stimulating current could be decrease in the fraction of failures without a change in
the potency or CV (Figures 5D–5F), consistent with andsignificantly increased without any effect on the size
of postsynaptic responses, indicating stimulation of a further strengthening the view that true unitary re-
sponses were recorded.single presynaptic input (Bolshakov et al., 1997).
To confirm that minimal stimulation recruits a single In addition, we found that the mean amplitude of the
spontaneous miniature postsynaptic currents (mEPSCs;release site (Stevens and Wang, 1994), two different
experimental approaches were used (Bolshakov and Figure 6), reflecting the release of single quanta of neuro-
transmitter, was similar to the averaged values of po-Siegelbaum, 1995). First, we tested the effects of PPF,
which affects probability of release (Zucker, 1989), on tency of the evoked unitary EPSCs (14.43  1.59 pA
[n  11] and 15.7  1.07 pA [n  39], respectively; nothe EPSC when two presynaptic stimuli were delivered
with a 50 ms interstimulus interval (Figures 5A–5C). significant difference, t test, t  0.58, p  0.56]. This
result is in agreement with the notion that the EPSCsMarked paired-pulse facilitation was observed after av-
eraging many paired responses (including failures of evoked with minimal stimulation represent responses
to single quanta of glutamate. Similar to the EPSCssynaptic transmission). However, the mean size of the
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Figure 6. Spontaneous mEPSCs in Lateral
Amygdala Pyramidal Cells
(A) Representative mEPSCs recorded in a py-
ramidal cell at a holding potential of 70 mV
(top). mEPSCs were blocked by CNQX (20
M), suggesting that they are mediated by
AMPA receptors.
(B) Superimposed binned amplitude distribu-
tion (bin width  1.0 pA) and cumulative (un-
binned) amplitude histogram (solid line) of
mEPSCs from the same cell as in (A) (mean
peak amplitude, 17.07  0.34 pA, n  906).
Inset: average of 50 successive events. The
decay time constant (
) was obtained with a
single exponential fit (dotted line).
(C) Cumulative average mEPSC histogram
(mean  SEM, 11 cells).
(D) Spontaneous mEPSCs recorded at two
different holding potentials of70 and 50 mV.
Traces are averages of 40 successive
mEPSCs recorded at both holding potentials
and aligned by their rising phases. A slower
decay of currents recorded at a positive hold-
ing potential of 50 mV reflects activation of
NMDA-type glutamate receptors.
(E) Current-voltage plot of the peak mEPSC
current recorded at holding potentials of70
mV to 50 mV (mean  SEM, n  7). Values
for the graph were obtained by normalizing
the mean mEPSC peak amplitude at each
holding potential to the mean amplitude of
mEPSCs recorded at a holding potential of 70 mV. Reversal potential of the AMPA receptor-mediated fast initial component of the mEPSC
was 4.9  2.2 mV (n  7).
(F) Summary box plot of mEPSC data. Averaged values of mEPSCs parameters: mean peak amplitude, 14.43  1.59 pA; CV  50.8%  2.65%
(data from 11 cells).
evoked by the stimulation of the external capsule, the presynaptic stimulation, there was a marked decrease
in the fraction of failures with no change in potency orI-V relation of the mEPSCs was linear (Figure 6E), and
they were blocked by the AMPA receptor antagonist CV of the EPSC successes (Figure 7). These results
suggest that the expression of LTP at the cortico-amyg-CNQX (20 M; Figure 6A) at a holding potential of 70
mV. The slowly decaying component observed at posi- dala synapses has a significant presynaptic component
and is associated with an increase in Pr.tive holding potentials was sensitive to an NMDA recep-
tor antagonist (D-APV, 50 M) and thus is mediated by
the activation of NMDA receptors.
We next examined the properties of the LTP of unitary Fear Conditioning Also Occludes Paired-Pulse
FacilitationEPSCs at cortico-amygdala synapses. Elementary syn-
aptic responses induced by minimal stimulation (as was The finding that LTP in the cortico-amygdala pathway
is occluded by learned fear, is dependent (as is learnedshown by applying the intensity threshold test) (Bolsha-
kov et al., 1997; Isaac et al., 1996) were recorded to fear) on NMDA activation, and is expressed presynapti-
cally, as shown by an enhanced probability of release,obtain baseline EPSCs prior to the induction of LTP.
The presynaptic input was stimulated with paired stimuli makes the strong prediction that if learned fear leads
to a similar form of LTP, then LTP produced by learnedat a 50 ms interstimulus interval. This allowed us to
confirm the unitary nature of the EPSC as judged by the fear would also occlude paired-pulse facilitation. Con-
sistent with this prediction, we found that paired-pulseunchanged potency and CV of the second response as
compared to the first EPSC during paired presynaptic facilitation of the compound EPSCs (a measure of the
presynaptic function) (Zucker, 1989) recorded at the cor-stimulation (Bolshakov and Siegelbaum, 1995; Isaac et
al., 1996). Paired stimulation was discontinued after reg- tico-amygdala synapses was largely occluded in fear-
conditioned animals (Figures 8A and 8B). By contrast,istration of the baseline responses. Prior to LTP, a large
fraction of the presynaptic stimuli (50%) delivered to there was no significant difference in the amount of
paired-pulse facilitation in naive, unpaired controls orthe fibers of the cortical input failed to induce an EPSC
in the postsynaptic neuron, suggesting that the initial those that received CS only. Paired-pulse facilitation in
the slices from fear-conditioned rats was reduced torelease probability at this synapse was low (Figures 7A
and 7C). The majority of the EPSC amplitude histograms virtually the same level as during the pairing-induced
LTP (compare Figures 4B and 8B; no significant differ-showed a clear separation of failures and successes,
probably reflecting the fact that quantal amplitude at ence, t test, t 0.61, p 0.54), confirming that LTP in the
slice preparation and fear conditioning share aspects ofthese synapses is large. When LTP was induced by
pairing postsynaptic depolarization with low-frequency a common synaptic mechanism.
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Figure 7. LTP of the Unitary EPSCs at the Cortico-Amygdala Synapses Results in an Increase in the Probability of Release without a Change
in Potency
(A) Superimposed successive EPSCs recorded before (left) and after (right) LTP was induced. To induce LTP, the lateral amygdala neuron
was held at 30 mV, and 80 presynaptic stimuli were delivered at 2 Hz to the presynaptic input. EPSCs were recorded at a holding potential
of 70 mV.
(B) Amplitude of individual EPSCs during the course of LTP experiment (same cell as in [A], arrow marks the time point when the pairing
protocol was delivered).
(C) Superimposed density estimate plots of unitary EPSCs before (dashed line) and after (solid line) induction of LTP from the same experiment
as in (A) and (B). For baseline EPSC, Pr  0.5, p  14.2 pA, CV  42.0%. For EPSC after LTP was induced, Pr  0.89, p  13.7 pA, CV 
41.7%.
(D) Summary box plots for EPSC data before and after LTP (n  14) showing potency, p (mean of the successes); fraction of failures, f; and
coefficient of variation, CV, of EPSC successes. The line within the boxes marks the median, the box boundaries show the 25th and 75th
percentiles, and the bars indicate the 10th and 90th percentiles. Averaged values of quantal parameters for EPSC before LTP, p  14.16 
1.45 pA, f  58.2%  3.99%, CV  41.6%  2.02%; after LTP, p  14.35  1.75 pA (no significant difference from baseline EPSC; t  0.08,
p 0.93), f 33.9% 4.22% (significantly different from baseline EPSC; t 4.18, p 0.0005), CV 42.96% 2.3% (no significant difference;
t  0.44, p  0.67).
Discussion a marked presynaptic component. Our data indicate that
fear conditioning induced a significant potentiation of
the auditory startle response and is accompanied byAuditory information reaches the lateral amygdala (LA)
not only through direct thalamo-amygdala projections, enhancement in the neurotransmitter release at the cor-
tico-amygdala synapses that is manifested by a signifi-which originate in the medial division of the medial ge-
niculate and the posterior intralaminar nuclei, but also cant reduction in LTP and an occlusion of paired-pulse
facilitation. The membrane depolarization applied to theindirectly by way of projections from the auditory cortex
(Romanski and LeDoux, 1992; LeDoux, 2000). Whereas postsynaptic cell in acute slice preparation during the
LTP-inducing pairing procedure thus can be consideredthe LA is comprised by at least three subnuclei—the
dorsolateral (LAd), ventrolateral (LAvl), and medial divi- as an equivalent of an unconditioned stimulus. Then the
low frequency presynaptic stimulation functions as asions (LAvm) (Pitkanen et al., 1997), LAd is the primary
input to the fear conditioning circuitry, as was shown in conditioned stimulus converging on the same LA neuron
as an unconditioned stimulus (Bauer et al., 2001).a number of studies using anatomical tracing techniques
and in vivo electrophysiological recordings (Bordi and A recent study utilizing single-cell activity recordings
in the dorsal subnucleus of LA of freely moving ratsLeDoux, 1992; Romanski et al., 1993; Pitkanen et al.,
1997; Repa et al., 2001). To address the issue of the during fear conditioning has provided evidence that two
populations of cells can be identified in this subdivisioninvolvement of the synaptic modifications in the cortico-
amygdala pathway in learned fear, whole-cell recordings (Repa et al., 2001). A group of the transiently plastic
cells was found to be exclusively located in the dorsalwere performed from pyramidal neurons in LAd, a site
where conditioned and unconditioned stimuli converge tip of LAd. These cells had auditory response latencies
of 20 ms or less, indicating that they were directly acti-(Romanski et al., 1993; Repa et al., 2001). We have
shown that pairing-induced LTP at the cortico-amygdala vated by the projections from the auditory thalamus.
A second neuronal population with significantly longersynapses in LAd involves a significant enhancement of
neurotransmitter release, and thus, its expression has latencies (100 ms) was capable of maintaining the en-
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Figure 8. Fear Conditioning Is Associated with a Depression of Paired-Pulse Facilitation
(A) Paired-pulse facilitation recorded with a 50 ms interstimulus interval was depressed as a result of fear conditioning. Representative traces
show average of 10 EPSCs recorded in the lateral amygdala neuron of an unpaired control (top) and a fear-conditioned (bottom) rat.
(B) Summary plot of paired-pulse experiments (mean  SEM). Paired-pulse facilitation was calculated as the ratio of the second EPSC
amplitude to the first EPSC amplitude. Amount of paired-pulse facilitation in fear-conditioned animals (1.11  0.04, n  46) was significantly
different from paired-pulse facilitation values obtained in naive (1.5  0.1, n  31; t test, t  3.93, p  0.0002), unpaired control (1.36  0.05,
n  60; t  3.64, p  0.0004), and CS only (1.36  0.07, n  23; t  3.31, p  0.002) rats.
hanced response during the training and extinction. Un- Previous studies of synaptic transmission and plastic-
ity in the amygdala have relied on recordings from popu-like the cells from the first group, the long-lasting plastic
cells were identified throughout LAd (with the highest lations of synapses when an unknown number of synap-
tic inputs have been stimulated with variable reliability.density in the ventral part of LAd). It was suggested that
these long-lasting plastic cells receive inputs from the As a result, it has not been possible to determine the
properties of single synapses in the amygdala. Focusingauditory cortex (Repa et al., 2001; LeDoux, 2000). Al-
though in our recordings we targeted the cells in LAd on the use of the unitary recordings in our analysis, we
minimized the number of uncertainties inherent in someregardless of their precise anatomical location within
this subdivision, our results are consistent with this pos- of the previous studies of synapse populations in the LA.
We found that at most a single quantum of transmitter issibility. Thus, we find that the cells responding to the
stimulation of the cortico-amygdala pathway could be released at the cortico-amygdala synaptic connections
in an all-or-none fashion in response to a presynapticfound throughout LAd, and the fear conditioning-
induced plasticity in the cortico-amygdala synapses is stimulus when a single synapse in the cortico-amygdala
pathway is isolated with the method of minimal stimula-long-lasting, which is characteristic of the long-lasting
plastic cells in LAd reported by Repa et al. (2001). These tion. This finding is consistent with earlier observations
that most of the central excitatory synapses possessfindings support the notion that the different groups of
cells in LA subdivisions with their internal connections only a single active zone (reviewed by Regehr and Ste-
vens, 2000). Under the conditions of our experiments,may represent separate functional units involved in the
processing of information in the amygdala (Pitkanen et LTP at the elementary level of unitary EPSCs at cortico-
amygdala synapses appears to involve an increase inal., 1997).
We found that both NMDA receptor-dependent and reliability of synaptic transmission (enhanced probability
of release), with no change in potency (quantal ampli-independent components of LTP coexist at the cortico-
amygdala synapses. Though it currently remains unclear tude) or increase in the maximal number of quanta re-
leased.whether both forms of LTP are equally important for fear
conditioning, the observation that fear conditioning is However, different mechanisms could account for the
observed decrease in the failure rate of the unitary EPSCnot completely prevented by the NMDA receptor block-
ade suggests that additional cellular mechanisms, by- as a result of LTP induction. This observation could
reflect a pure presynaptic process involving addition ofpassing activation of NMDA receptors, may be recruited
during the fear-potentiated startle training procedure. new sites of synaptic transmission that were functionally
silent before induction of LTP. Recruitment of these pre-This notion is supported by the finding that, in addition
to NMDA receptor activation, Ca2 influx through L-type synaptically silent synapses would be manifested as an
increase in the probability of successful EPSCs (Ma etCa channels is involved in the induction of LTP at the
cortical input to the lateral amygdala. The residual LTP al., 1999; Bozdagi et al., 2000; Gasparini et al., 2000).
However, this possibility is unlikely because the induc-observed in slices from fear-conditioned animals can
be explained by the fact that not all fibers in the external tion of LTP was not accompanied by a change in the
mean size of the successes (potency) (Figure 7). Ancapsule originate in the auditory cortex (LeDoux, 2000;
Weisskopf and LeDoux, 1999), and thus, their synaptic increase in the number of sites of synaptic transmission
at cortical projections to LAd, even if they had very lowstrength was not modified during this behavioral training
paradigm. Pr, would lead to the occasional simultaneous release
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cordings of compound EPSCs were obtained from pyramidal cellsof more than one quantum of neurotransmitter, thus
in the lateral amygdala under visual guidance (DIC/infrared optics)spreading out the amplitude distribution of the unitary
with an EPC-9 amplifier and Pulse v8.09 software (HEKA Elektronik,EPSCs. This effect was not observed in this study (Figure
Lambrecht/Pfalz, Germany). Compound EPSCs were evoked by field
7). Thus, a decrease in the proportion of failures ob- stimulation of the fibers in the external capsule at 0.1 Hz by a bipolar
served after induction of LTP at the level of unitary electrode. The patch electrodes (3–6 M resistance) contained 120
mM K-gluconate, 5 mM NaCl, 1 mM MgCl2, 0.2 mM EGTA, 10 mMEPSCs (see Figure 7) can be attributed either to an
HEPES, 2 mM MgATP, and 0.1 mM NaGTP (adjusted to pH 7.2 withincrease in probability of neurotransmitter release
KOH). To examine the voltage dependence of the EPSCs, 120 mM(which, in fact, was confirmed with two additional experi-
Cs-methane-sulfonate was used instead of K-gluconate. Series re-mental approaches, the coefficient of variation and
sistance was monitored throughout the experiment and was in the
paired-pulse facilitation analysis of the compound range of 10–20 M. Currents were filtered at 1 kHz and digitized at
EPSCs; see Figure 4) or to the uncovering of the “silent 5 kHz. The holding potential was 70 mV. In all LTP experiments,
the stimulus intensity was adjusted to produce synaptic responsessynapses” wherein postsynaptic AMPA receptors were
with an amplitude of 50–80 pA, which constitutes 20%–25% ofnonfunctional before the induction of LTP but became
maximum amplitude EPSC. Since we controlled for the size of theelectrophysiologically detectable after LTP was induced
baseline EPSC, the induction conditions were identical for all LTP(Malenka and Nicoll, 1999; Malinow et al., 2000; but see
groups. The EPSC amplitudes were measured as the difference
Gasparini et al., 2000). between the mean current during a prestimulus baseline and the
These results suggest that synaptic changes in the mean current over a 2 ms window at the peak of the response. For
induction of LTP, 80 presynaptic stimuli were delivered at 2 Hz toprojections from the auditory cortex to the lateral amyg-
the external capsule fibers while the LA neuron was held at 30dala play an essential role in the acquisition and expres-
mV for the duration of the LTP-inducing presynaptic stimulation.sion of learned fear to auditory stimulation. This is con-
Summary LTP graphs were constructed by normalizing data in 60sistent with the conclusions of the earlier behavioral
s epochs to the mean value of the baseline EPSC.
studies using posttraining lesions by Campeau and Unitary EPSCs were evoked by low-intensity current pulses (25–
Davis (1995), who showed that cortical auditory path- 100 A, 50–100 s duration) applied through a fine-tipped (2 m),
concentric stimulating electrode consisting of a patch pipette thatways to the amygdala normally operate during auditory
was coated with silver paint. The two leads of the stimulus isolationfear conditioning. The finding that the occlusion of LTP
unit (ISO-Flex, Master-8 stimulator, AMPI, Jerusalem, Israel) werecan still be observed 24 hr after the final testing of the
connected to the inside of the pipette and the external silver coat.rats trained in the fear-potentiated startle paradigm sug-
The stimulating pipette was positioned to activate the cortical input
gests the persistent nature of the synaptic modifications to the lateral amygdala. Several stimulation positions had to be
and is consistent with the earlier observation that mem- tested before the EPSC abruptly appeared. Stimulation of a single
presynaptic fiber was verified by applying the intensity thresholdory of fear does not fade with time unless the experi-
test (Isaac et al., 1996; Bolshakov et al., 1997). The recording wasmental animal was exposed to the retraining procedure
used if the mean EPSC amplitude showed a steep all-or-noneleading to extinction (Campeau et al., 1997). This demon-
threshold as a function of stimulating current intensity. Increasingstration of the functional importance of the changes in
current intensity 30%–50% above the threshold had no effect on
the synaptic strength of the cortico-amygdala synapses the EPSC, indicating the stimulation of a single presynaptic input.
in fear conditioning provides the best evidence yet avail- The unitary EPSCs were filtered at 1 kHz and digitized at 5 kHz. The
EPSC amplitude was measured as the difference between the meanable that mechanistically similar forms of synaptic plas-
current during a prestimulus baseline and the mean current overticity occur with behavioral learned fear and with elec-
a 1–2 ms window. To calculate failure rates, a method of visualtrically induced LTP. Our results thus complement the
classification of failures was used (Stevens and Wang, 1994; Isaacdemonstration of an LTP-like phenomenon in the
et al., 1996). For noise measurements, a window was placed at the
geniculo-amygdala pathway with learned fear (McKer- baseline before the stimulus. EPSC density estimates were com-
nan and Shinnick-Gallagher, 1997; Rogan et al., 1997). puted using a Gaussian kernel whose standard deviation (SD) was
one-half that of the background noise SD as described (BolshakovTogether, these two sets of findings provide direct evi-
et al., 1997).dence that the mechanisms of LTP are recruited behav-
The spontaneous miniature EPSCs were recorded on videotapeiorally in learned fear. More generally, the present study
for offline analysis in the presence of 1 M tetrodotoxin and 100provides evidence that synaptic changes underlying
M picrotoxin. Data were analyzed with the Mini Analysis Program
learning can be directly determined in the slice prepara- v5.2.4 (Synaptosoft Inc., Decatur, GA).
tion and then correlated to the behavioral status of the
animal.
Fear-Potentiated StartleBecause this form of memory of conditioned experi-
Rats (male Sprague-Dawley, 75–100 g) were used in a 3 day fear-
ence involves a relatively simple behavioral paradigm potentiated startle (FPS) procedure. On each day, the rats were
and is long-lasting (LeDoux, 2000), fear conditioning placed in steel grid-rod holders mounted on accelerometers located
within sound-attenuating chambers (Med Associates, St. Albans,provides a very promising model for the molecular study
VT). Sessions began after a 5 min habituation period. On the firstof the mechanisms of synaptic plasticity underlying
(habituation) day, rats received 10 startle stimuli (50 ms of a 105 dBlearning and memory acquisition.
white noise burst, 4 ms rise-decay) through a speaker located 10
cm from the holders, with a 90–150 s intertrial interval (ITI). All rats
had similar startle reactivity on day 1 (not shown). On the secondExperimental Procedures
(training) day, rats in the “paired” condition received 20 noise-shock
pairings in which a 4 s white noise (70 dB) conditioning stimulusElectrophysiology
Amygdala slices (250–300 m) were prepared from 3- to 5-week- (CS) coterminated with a 250 ms shock (0.6 mA) unconditioned
stimulus (US), with 90–150 s ITI. Rats in the “CS only” conditionold Sprague-Dawley rats with a vibratome. Slices were continuously
superfused in solution containing 119 mM NaCl, 2.5 mM KCl, 2.5 received identical training without shock. Rats in the “unpaired”
condition received random presentation of 20 CS and 20 US overmM CaCl2, 1.0 mM MgSO4, 1.25 mM NaH2PO4, 26.0 mM NaHCO3,
10 mM glucose, and 0.1 mM picrotoxin and equilibrated with 95% the same time period (45–75 s ITIs). On the final (test) day, rats
received random presentation of the startle stimulus alone or theO2 and 5% CO2 (pH 7.3–7.4) at room temperature. Whole-cell re-
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CS that coterminated with the startle stimulus. Data are expressed Grover, L.M., and Teyler, T.J. (1990). Two components of long-term
potentiation induced by different patterns of afferent activation. Na-as startle amplitude (arbitrary startle units) after the startle stimulus
alone, after the CSstartle stimulus, and the algebraic difference ture 347, 477–479.
between the two types of trials. Data were analyzed using a two way Huang, Y.Y., and Kandel, E.R. (1998). Postsynaptic induction and
(group X stimulus type) ANOVA with repeated measures, followed by PKA-dependent expression of LTP in the lateral amygdala. Neuron
Neuman-Keuls t tests. Twenty-four hours after the final testing, rats 21, 169–178.
were used for the electrophysiological recordings. All the compari- Isaac, J.T., Hjelmstad, G.O., Nicoll, R.A., and Malenka, R.C. (1996).
sons between the slices from control and conditioned rats were Long-term potentiation at single fiber inputs to hippocampal CA1
done blind. pyramidal cells. Proc. Natl. Acad. Sci. USA 93, 8710–8715.
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